Background. Approximately 40% of men diagnosed with metastatic prostate cancer experience one or more skeletalrelated events (SREs), defined as a pathological fracture, spinal cord compression, or surgery or radiotherapy to the bone. Accurate assessment of their effect on survival, health care resource utilization (HCRU), and cost may elucidate the value of interventions to prevent SREs. Materials and Methods. Men older than age 65 years with prostate cancer and bone metastasis diagnosed between 2004 and 2009 were identified from linked Surveillance Epidemiology and End Results-Medicare records. Hazard ratios (HRs) and 95% confidence intervals (CIs) for the risk for death associated with SREs were calculated by using Cox regression. HCRU and costs (in 2013 U.S. dollars) were evaluated in a propensity score-matched cohort by using Poisson regression and Kaplan-Meier sample average estimators, respectively.
INTRODUCTION
Metastatic prostate cancer represents a small, but clinically significant, proportion of all prostate cancer cases. Although only 4% of the approximately 220,800 prostate cancer cases diagnosed in 2015 will be metastatic [1], these individuals have a 5-year overall survival of 28%, compared with nearly 100% for individualsdiagnosedwithlocalorregionaldisease [2] .Boneisthe most common site for prostate cancer metastasis, accounting for as many as 80% of all metastasis [3, 4] . Approximately 40%-50% of men with prostate cancer that has metastasized to bone will experience a skeletal-related event (SRE) [5] [6] [7] [8] [9] [10] . SREs typically consist of high-morbidity clinical episodes involving bone metastasis, including pathological fractures, spinal cord compression, bone metastasisthat requires surgicalstabilization, or radiotherapy for pain relief or prevention of fractures.
SREs represent a substantial challenge in the management of metastatic prostate cancer given their association with high morbidity [11] , reduced quality of life [12, 13] , high health care resource utilization (HCRU) and costs [5, 6, 14, 15] , and lower survival [10] . In an analysis of Surveillance Epidemiology and End Results (SEER)-Medicare linked records of 126,978 men with prostate cancer, Sathiakumar et al. reported that patients with bone metastasis who experienced an SRE had a 10-fold higher risk for death than patients without bone metastasis or an SRE (adjusted hazard ratio [HR] for mortality, 10.2; 95% confidence interval [CI], 9.8-10.7) [10] . Previous studies have estimated the costs associated with SREs among men with metastatic prostate cancer to be between $7,553 to $88,838 per episode [16] . However, the methods used by previous studies have not specifically addressed the question of differences in survival, resource use, and costs attributable to SREs.This study aims to refine the estimates of survival, HCRU, and costs by using methods that account for the occurrence of SREs over time after diagnosis of bone metastasis and for censoring in a contemporary cohort of patients with metastatic prostate cancer.
The objective of this study was to estimate the effect of experiencing one or more SREs on survival, HCRU, and costs in a population-based cohort of Medicare-enrolled men with prostate cancer and bone metastasis. Quantifying the effect of SREs on these clinical and economic outcomes among men with metastatic prostate cancer may inform the potential value of medical interventions to prevent SREs.
MATERIALS AND METHODS

Study Design and Data Source
We performed a retrospective cohort study using the SEERMedicare linked database. SEER is a nationally representative program of cancer registries collecting clinical, demographic, and cause-of-death data on all cancer patients diagnosed within the regional catchment areas. Medicare Parts A and B insurance claims were linked to SEER records by using a probabilistic matching algorithm. Medicare claims data were obtained for complete years 2003 through 2010.
Study methods were reviewed by the Fred Hutchinson institutional review board (#8108) and met the requirements for "Exempt" research requiring no further institutional review board review.
Study Population
Men diagnosed with incident distant-stage prostate cancer with confirmed bone metastasis between January 1, 2004, and December 31, 2009, in 1 of the 17 SEER cancer registry catchment areas were eligible for inclusion in this study. Cohort follow-up time extended until December 31, 2010, with vital status recorded by SEER. A complete list of inclusion and exclusion criteria is given in supplemental online Appendix A.
Definition and Ascertainment of SREs
Medicare Parts A and B claims were used to ascertain diagnosis and procedural codes for defining an SRE event (codes listed in supplemental online Appendix B). Because Medicare claims do not specify the target of radiation (i.e., bone versus another site), only radiotherapy claims preceded by a claim for bone pain (International Classification of Diseases, Ninth Revision [ICD-9], code 733.90) or bone metastasis (ICD-9 code 198.5) in the 2 weeks prior were classified as an SRE.
SREs frequently occur as a collection of related events; for example, radiation or surgery may be used to treat a pathologic fracture. In observational studies using administrative claims data, enumerating SREs requires that claims occurring close together in time are grouped into a single SRE episode and a defined time window between claims to define separate episodes. Prior studies have used time windows of 30-90 days to define unique SRE episodes [5, 17] .WedefineduniqueSREepisodesusinga60-daygap betweenclaimswithanyofthediagnosisorproceduralSRE-defining codes listed in supplemental online Appendix B. After consulting with experts in the field of prostate cancer oncology, we considered a 60-day time window sufficient to reasonably accommodate for the time spent in establishing the diagnosis and treating SREs with surgery and/or radiation. In addition, a sensitivity analysis enumerating claims using a 90-day time window was performed. Similar to previous studies, when multiple SRE claims occurred within the defined time window, a hierarchy based on clinical severitywasusedtoclassifythetypeofSREasfollows:(a)spinalcord compression, (b) pathological fracture, (c) surgery to the bone, and (d)radiotherapytobonemetastasis [5, 14, 15] .Asingledatemarking theSREepisodewascreatedonthebasisofthedateofthefirstclaim for the SRE event used to define the SRE episode type.
Outcomes
SEER linkstothe National Death Registry to ascertainvital status, and the date of death is provided with SEER records. HCRU was identified from procedural codes in Medicare Parts A and B claims data and was categorized into emergency department (ED) visits, hospitalizations, ambulatory visits, imaging tests, use of bone-sparing agents, and chemotherapy administration. The total reimbursement amount from all Medicare Parts A and B claims in the follow-up period for each patient were used in the calculation ofcosts. Costs were converted to 2013 U.S. dollars by using the medical care component of the Consumer Price Index [18] ; costs occurring more than 1 year after the date of the first SRE episode were discounted by 3% [19] .
Covariates
Age at diagnosis of prostate cancer with bone metastasis, race, area-level sociodemographic characteristics, and SEER registry were ascertained from SEER records. ICD-9 codes appearing in Medicare Parts A and B claims in the 12-month period before diagnosis of prostate cancer with bone metastasis were used to calculate the Klabunde comorbidity index [20] . Treatment for prostate cancer, but not treatment for SREs, was defined by using procedural and diagnostic codes listed in supplemental online Appendix C.To ensure that we were adjusting only for treatment that occurred before the date of a first SRE episode, codes occurring in supplemental online Appendix C were not included in the measurementof previoustreatmentafter thedate of a first SRE episode among patients who experienced $1 SRE.
Statistical Analysis
Survival
Adjusted Cox proportional hazards regression modeling was used to estimate the association between the occurrence of an SRE and the risk for death, expressed by an HR and 95% CI, in www.TheOncologist.com the entire cohort of patients with prostate cancer metastatic to bones identified from SEER-Medicare records. Survival time was calculated from the date of prostate cancer diagnosis with bone metastasis (t 0 ) to the date of death from SEER records. Survival times were censored if patients disenrolled from Medicare or added a Medicare Advantage plan because we could no longer track all claims for such patients or if patients were still alive at the data cutoff of December 31, 2010.The occurrence of an SRE was treated as a time-dependent exposure, so that all patients entered the cohort at t 0 and contributed survival time to the SRE-free group until the date of a first SRE episode, at which time a patient's remaining survival time contributed to the group with $1 SRE or continued to contribute to the SRE-free group if no SREs occurred. In a separate model, we assessed the effect of subsequent SRE episodes using numerical exposure categories: one, two or three or more episodes. Finally, a model for the type offirst SRE episodecomparedthe survival experience ofpatients whose first SRE episode was classified as radiation to the bone, bone surgery, pathological fracture, or spinal cord compression to that of patients who remained SRE-free.
All models were adjusted for age at and year of diagnosis of prostate cancer with bone metastasis, race, Klabunde comorbidity index score, and prostate cancer treatment received before the date of a first SRE episode.
Propensity Score Matching
Propensity score matching was performed to identify and match individuals who experienced $1 SRE to those who remained SRE-free but had a similar likelihood of experiencing $1 SRE on the basis of observed baseline characteristics. This approach reduces the effect of selection bias in observational studies [21] . We obtained propensity scores using logistic regression to model the predicted probability of experiencing $1 SRE for each patient based on the same variables used for adjustment in the survival analysis: age at and year of diagnosis of prostate cancer with bone metastasis, race, Klabunde comorbidity index score, and prostate cancer treatment received before the date of a first SRE episode. The propensity score resulting from the logistic regression model was then used to match patients who remained SRE-free for the observed followup period to patients who experienced $1 SRE by using caliper matching with replacement, with a caliper equal to two times the standard deviation of the estimated propensity score. SRE-free patients were then assigned an index date corresponding to the date of the first SRE episode of their matched exposed patient. If the SRE-free patient died or was censored before his assigned index date, he was not an eligible match for that exposed patient. Given that this constraint could not be evaluated until the propensity matching had been carried out, three potential unexposed patients were identified for each exposed. When more than one of the unexposed patients in the 3:1 match met the criteria that the indexdate came before death or censoring, the unexposed patient with the closest propensity score to the matched exposed patient was chosen, to come up with a 1:1 matched cohort.
Economic Evaluation
To evaluate the additional HCRU and cost attributable to SREs, we estimated the difference in the rate of HCRU and the difference in cost between patients who experienced $1 SRE and those who remained SRE-free within the propensitymatched cohort.
For each patient, all Medicare claims for HCRU categories of interest (ED visits, hospitalizations, ambulatory visits, imaging tests, use of bone-sparing agents, and use of chemotherapy) occurring between the date of a first SRE episode or the index date for matched unexposed patients and the date of death or censoring were counted and included in the analysis of resource use. Poisson regression models were used to estimate the incidence rate ratio (IRR) and 95% CI corresponding to the additional resource utilization associated with SRE episodes. We fit models comparing the incidence rate of resource utilization between the no-SRE group and individuals experiencing $1 SRE of any type (dichotomous), each additional SRE episode (continuous), and a first SRE episode of each of the four types (i.e., spinal cord compression, pathological fracture, surgery to the bone, and radiotherapy). Robust variance estimation was used, and all models included person-years as an independent variable to adjust for the different lengths of follow-up across patients.
Direct medical care costs, ascertained from the reimbursement amount for all Medicare claims (not limited to the HCRU categories described above) occurring between the date of a first SRE episode or the index date for matched unexposed patients to the date of death or censoring were included in the analysis of cost. To compare total cost estimates for the group with one or more SREs and the SRE-free group, the KaplanMeier sample average (KMSA) technique was used [22, 23] . This nonparametric method takes into account differences in survival time and censoring between patients with $1 SRE and SRE-free patients, on average, by weighting the costs in each group by the group-specific survival probabilities over 30-day time intervals. A technical explanation of this method is provided in supplemental online Appendix D. The resulting KMSA estimates of total cost were subtracted to arrive at the average difference in costs. A secondary lifetime cost analysis was performed to calculate costs from the time of diagnosis of prostate cancer with bone metastasis to death or censoring. The expanded time horizon of the lifetime cost analysis may capture some claims leading up to the diagnosis of an SRE for diagnosis or treatment of underlying symptoms.
Sensitivity Analysis
Given that several similar observational studies have used a 90-day time window for defining unique SRE episodes, we performed a sensitivity analysis in which we expanded our time window from 60 to 90 days and recounted the number of SRE episodes identified in our sample.The Cox regression models for survival estimating the risk for death with subsequent numbers of SREs compared with a first SRE was rerun using this 90-day window using the same adjustment variables.
All statistical analyses were conducted in Stata software, version 14 (Stata Corp., College Station, TX, http:// www.stata.com). Statistical significance was assessed using a p value ,.05.
patients were more likely to be married and had fewer comorbidities (Table 1 ). The propensity score matching resulted in 899 pairs of patients with $1 SRE matched to patients who remained SRE-free. The propensity scorematched cohort was balanced on all characteristics except for year of diagnosis because of the condition that the SRE-free patients had to live at least until the date of their matched patient's first SRE (Table 1) .
Compared with patients who remained SRE-free, patients with $1 SRE were more than twice as likely to die at any given time (HR, 2.29; 95% CI, 2.09-2.51) ( Table 2 ). The risk for death was significantly elevated for all types of SREs compared with patients who remained SRE-free, although risk varied considerably by the type of first SRE episode (test of heterogeneity, p 5 .002). Patients whose first SRE episode was a pathologic fracture had nearly 3 times the risk for death as patients who remained SRE-free (HR, 2.77; 95% CI, 2.38-3.23), and the risk for death associated with surgery to the bone was 73% higher than that in patients who remained SRE-free. Compared with the 939 patients who experienced only one SRE episode, subsequent SRE episodes were associated with twice the risk for death. We could not detect a difference between the risk for death in patients who experienced two SRE episodes (HR, 2.22; 95% CI, 1.87-2.64) and those who experienced three or more (HR, 2.31; 95% CI, 1.77-3.03).
Among men with prostate cancer and bone metastasis, those who experienced $1 SRE used substantially more health care resources than men who remained SRE-free (Table 3 ).The rate of ED visits was twice as high (IRR, 2.00; 95% CI, 1.77-2.28) and the rate of hospitalizations was nearly 4 times as high (IRR, 3.75; 95% CI, 3.20-4.40) in patients who experienced $1 SRE compared with patients who remained SRE-free. Patients who experienced $1 SRE also had higher rates of ambulatory visits, imaging, surgical procedures, use of bone-sparing agents, and chemotherapy. The rate of ED visits was particularly high for patients whose first SRE episode was a pathologic fracture (IRR, 3.05; 95% CI, 2.55-3.65), compared with matched patients who remained SRE-free. In addition, patients whose first SRE episode was a pathologic fracture (IRR, 6.29; 95% CI, 5.06-7.82) or spinal cord compression (IRR, 6.60; 95% CI, 5.25-8.29) had more than 6 times the rate of hospitalizations than patients who remained SRE-free. The mean per-patient cost attributable to experiencing $1 SRE was estimated to be (Table 4) . When the reimbursement amounts for all Medicare claims between the diagnosis of prostate cancer with bone metastasis and death or censoring were included in the analysis, the per-patient average lifetime cost for patients experiencing $1 SRE was $27,425 higher than the cost of patients who remained SRE-free.
Changing the time window used to define unique SRE episodes from 90 days to 60 days resulted in 107 more SRE episodes (90-day window: 1,773 episodes; 60-day window: 1,880 episodes) among the 1,321 patients who experienced $1 SRE. When the Cox regression model comparing the survival experience among men who experienced only one SRE to those who experienced two SREs or three or more SREs was performed by using the 1,880 SRE episodes identified with the 60-day definition, no differences in the overall results were observed (data not shown).
DISCUSSION
To better understand how SREs affect men with advanced prostate cancer and the costs of caring for this disease, we estimated the association between the occurrence of $1 SRE and survival, HCRU, and costs in a population-based cohort of Medicare-enrolled men with prostate cancer and bone metastasis. Using an episode-based approach to defining SREs from Medicare claims data, we observed a cumulative SRE episode incidence of 40% among 3,297 men during a median follow-up of 19 months. Among men who experienced $1 SRE, the risk for death was more than double that of men who remained SRE-free, the rates of HCRU were substantially higher, and the per-patient average cost was increased by more than $21,000. This study differs from previous studies investigating the consequences of SREs among men with prostate cancer, adding to existing literature in several ways. The method of time-dependent exposure modeling used to compare the survival experience of men who experienced $1 SRE with that of men who remained SRE-free addresses the question of the effect of the SRE itself and avoids attributing survival time occurring before an SRE to the survival experience. Previous studies may have underestimated the association between SREs and the risk for death by comparing the entire survival experience from diagnosis of metastatic prostate cancer to death in men with and without SREs, as was done in a study by Onukwugha et al. Those authors reported a 14% higher risk for death associated with SREs [24] . DePuy et al. used propensity score matching and found a 30% higher risk for death associated with SREs by comparing only survival times calculated after the date of a first SRE or matched index date [25] .
Our approach improves upon that of previous studies by using survival data from diagnosis of prostate cancer with bone metastasis through death and attributing survival time to the pre-andpost-SRE periodstoestimate the risk fordeath associated with SREs. In addition, this study adds additional information about the incremental risk for death associated with an SRE to the work of Sathiakumar et al. That study used similar statistical methods to investigate a related scientific question about the risk for death associated with bone metastasis and SRE together compared with the risk for death in prostate cancer patients without bone metastasis or SREs [10] . Similar to previous studies, our study found that patients with SREs had a higher rate of HCRU and costs than their matched SRE-free counterparts [5, 6, 14, 15] . Previous studies demonstrated that the main driver of costs is the high rate of hospitalizations among SRE patients [5, 14] . In this study, the costs attributable to SREs resulted from a higher rate of utilization of expensive health care services and resources, including ED visits, hospitalizations, use of bone-sparing agents, and use of chemotherapy.
The results of these analyses should be interpreted with an understanding of the study limitations. Our use of SEERMedicare, although allowing for a large population-based sample of prostate cancer with bone metastasis patients, did not provide the clinical granularity of medical records or www.TheOncologist.com prospectively collected data. Incomplete control of confounding by unmeasured factors, such as performance status or other measures of the underlying disease process that contribute both to the likelihood of experiencing an SRE and to the clinical and economic outcomes, may result in biased estimates of the effect of SREs. In addition, the use of administrative claims data for the identification and enumeration of SREs required several subjective decisions. Although our (28) 197 (22) 239 (27) . 1 291 (15) 144 (11) 57 (6) 79 (9) a 899 matched pairs; SRE-free patients sampled with replacement. Abbreviation: SRE, skeletal-related event. use of a hierarchy is similar to the approach in previous studies [5, 14, 15] , we used a 60-day time window to define unique SRE episodes, whereas other studies have used 30-day and 90-day time windows. Our sensitivity analysis suggests that a 60-day window does not substantially affect the number of SREs counted from claims data. However, as pointed out in a recent review of the clinical and economic burden of bone metastasis and SREs in prostate cancer, the lack of a standard method for defining SREs limits comparison across studies [16] . Another important limitation concerns the generalizability of the study results. We estimated the clinical and economic effects of SREs among men with newly diagnosed prostate cancer with bone metastasis, a group that makes up 4% of all prostate cancer cases. It is possible that men diagnosed with incident prostate cancer that has already metastasized to bone have an inherently more aggressive disease than men diagnosed at early stages who go on to develop bone metastasis, making the generalizability of our results to the larger population of men who develop metastatic prostate cancer uncertain. Despite these limitations, this study uses appropriate statistical methods to demonstrate the substantial negative effect of SREs on survival among men with prostate cancer and bone metastasis.
Several drugs have recently been approved to prevent SREs in men with metastatic prostate cancer. In the Alpharadin in Symptomatic Prostate Cancer trial, radium-223 improved overall survival and increased the time to a symptomatic SRE, as compared with best supportive care plus placebo, among men with castration-resistant prostate cancer with multiple bone metastases [26, 27] . Zoledronic acid also decreases the frequency of SREs and increases the time to a first SRE among men with hormone-refractory metastatic prostate cancer [8] . In a phase III trial comparing the use of denosumab, a fully humanized monoclonal antibody, to zoledronic acid among men with castration-resistant prostate cancer and at least one bone metastasis, time to a first SRE was more than 3 months longer with denosumab, although overall survival was not significantly different [28] . The observed increased HCRU and resulting costs attributable to SREs indicate the potential high value of developing and implementing strategies to prevent or delay SREs in this population.
CONCLUSION
The substantial clinical and economic burden of SREs among men with prostate cancer supports the need for real-world studies investigating the value of their prevention.
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